Recognition memory in Autism Spectrum Disorder (ASD) tends to be undiminished compared to that of typically developing (TD) individuals (Bowler, Gardiner and Gaigg, 2007) , but it is still unknown whether memory in ASD relies on qualitatively similar or different neurophysiology. We sought to explore the neural activity underlying recognition by employing the old/new word repetition event-related potential (ERP) effect. Behavioural recognition performance was comparable across both groups, and demonstrated superior recognition for low frequency over high frequency words. However, the ASD group showed a parietal rather than anterior onset (300-500 ms), and diminished right frontal old/new effects (800-1500 ms) relative to TD individuals. This study shows that undiminished recognition performance results from a pattern of differing functional neurophysiology in ASD.
need for task support at retrieval suggests an underlying atypicality in the functioning of the memory system in individuals with ASD, which implies that when they perform memory tasks, they may be employing different underlying processes either at a cognitive or a neural level.
One way of studying neural processes underlying recognition memory uses the method of event-related potentials (ERPs, see Kutas & Federmeier, 2011; Rugg & Curran, 2007 for reviews) . Many studies have demonstrated ERP differences between old (studied) and new (unstudied) items, such as words (Sanquist, Rohrbaugh, Syndulko & Lindsley, 1980; Rugg & Nagy, 1989) , faces (Münte, Brack, Grootheer, Wieringa, Matzke, & Johannes, 1997; Guillem, Bicu, & Debruille, 2001 ) and objects (Van Petten, Senkfor, & Newberg, 2000) . In general, ERPs are more positive in response to correctly recognised items relative to new items. This positive potential difference, referred to as Old-New ERP effect (Rugg, Cox, Doyle & Wells, 1995) , occurs at ~300ms post stimulus and lasts several hundred milliseconds. Further investigations of memory-related ERP indices identified three spatio-temporally distinct old-new ERP effects underlying specific memory retrieval processes (see Rugg & Curran, 2007 for a review). These ERP-memory related indices, although their respective memory-related functions are still controversial, encompass (1) an early mid-frontal old-new effect (300-500 ms) indexing familiarity judgements (Curran, 2000; Curran & Cleary, 2003; Curran & Dien, 2003) , or semantic memory (Voss and Paller, 2008; and (2) a parietal, positive ERP effect (400-800 s related to re olle tio i.e., the parietal old-new effe t ; Allan, Wilding, & Rugg, 1998; Curran, 2000; Curran & Cleary, 2003; Curran & Dien, 2003) , and a sustained positive ERP potential over right frontal scalp sites, associated with retrieval processes, whenever a retrieval attempt is ambiguous, requires evaluation, such as in source memory tasks Allan, Dolan, Fletcher & Rugg, 2000; Curran, Schacter, Johnson & Spinks, 2001; Donaldson & Rugg, 1999; Johnson, Kounios & Nolde 1996; Ranganath & Paller, 2000; Wilding & Rugg, 1997a,b; Wolk, Sen, Chong, Riis, McGinnis & Holcomb et al., 2009) .
ERP methodology has proved useful in revealing atypical neural processes in the context of intact behavioural performance in various clinical groups. One such group that has particular relevance for ASD is the healthy ageing population. Memory in healthy aging, in common with ASD is characterised by better performance on supported tasks such as cued recall and recognition, (Craik & Anderson, 1999) . Outside the memory domain, there are also si ilarities et ee health agei g a d A"D, for e a ple i ter s of di i ished theor of i d "lessor, Phillips & Bull, 2007 a d i paired e e uti e fu tio Bu k er, 200 , aki g healthy ageing a useful heuristic for studying memory in ASD. Recognition memory in healthy ageing is reliably accompanied by significantly diminished Old-New word event-related potential (ERP) effects (Guillaume, Clochon, Denise, Rauchs, Guillery-Girard & Eustache et al., 2009) .
The undiminished recognition memory performance and word frequency effect seen in individuals with ASD would lead us to predict typical ERP old-new effects in this group. However, the similarity between ASD and healthy ageing in the patterning of memory function across test procedures would lead us to predict different underlying neural processes in ASD, in particular, diminished old-new effects. In order to decide between these competing hypotheses we ran an ERP study using a standard recognition memory test with a word frequency manipulation check. We tested a sample of ASD and age and IQ-matched TD individuals.
Method
Participants Twenty-two participants with ASD (2 females) meeting DSM-IV-TR criteria (American Psychiatric Association, 2000) for ASD and 14 TD participants (2 females) took part in the study. ASD participants were of average FSIQ and matched closely to TD participants on gender, chronological age and FSIQ (as assessed by the Wechsler Adult Intelligence Scale III, Wechsler, 1997). Averages for age and IQ are presented in Table 1 .
Participants were recruited from the Autism Specialized Clinic (Rivière-des-Prairies Hospital, Montreal). Diagnoses were based on the Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter & Le Couteur, 1994) and/or the Autism Diagnostic Observation Schedule (Lord, Risi, Lambrecht, Cook, Lenventhal & DiLavore et al., 2000) .
TD participants were recruited from a panel maintained by the same institution, and all participants had normal or corrected to normal vision. Informed consent was obtained from each participant and the study was approved by the ethics committees at City University London and Hôpital Rivière-des-Prairies, Montreal.
INSERT TABLE 1 HERE

Stimuli
The experimental stimuli were 300 target and 150 lure French words, individually extracted from the Desrochers & Bergeron (2000) corpus of 1,916 French nouns. Fewer targets than lures were used to reduce the time burden for participants, and, because the hit rate for lures was higher than for targets (thus proportions were equated). Three out of 6 blocks were comprised of 13 high frequency words, and 12 low frequency words, and the other three blocks comprised 13 low and 12 high frequency words.
Half target words and half lure words were of low frequency, (Targets: mean = 2.51 ± SEM = 0.12; Lures: mean = 2.37 ± SEM = 0.15; t(223) = 0.69, n.s.), and the other half were of high frequency (Targets: mean = 251.92 ± SEM = 13.31; Lures: Mean = 254.31 ± SEM = 23.1; t(223) = 0.096, n.s.) according to Baudot frequency index (Baudot, 1992) . Low and high frequency target and lure words contained equivalent numbers of syllables (2.18 ± 0.07 and 2.13 ± 0.09 respectively for low frequency target and lure words, and 2.23 ± 0.07 and 2.36 ± 0.14 respectively for high frequency target and lure words; all t values < 0.68, n.s.) and letters (7.05 ± 0.16 and 7.01 ± 0.24 respectively for low frequency target and lure words, and 6.69 ± 1.56 and 6.85 ± 0.23 respectively for high frequency target and lure words; all t values < 0.91, n.s.). They were also equated with respect to imageability (the extent to which a word evokes a mental image) on the basis of Desrochers & Bergeron (2000) imagery norms (mean for all words = 4.63 ± 0.07, all t values < 0.89, n.s.). Additional words with similar characteristics were used for the practice block.
Presentation
The experiment took place in a dimly lit and sound attenuated laboratory. Participants sat opposite a 17 inch computer screen, with their head restrained with a chin rest at a 60 cm viewing distance. Word presentation length varied from 2.5 cm to 11 cm and resulted in a minimum visual angle of 2.39° and a maximum viewing angle of 10.47°.
Participants completed one practice block and 6 experimental blocks, where each block comprised a study phase immediately followed by a test phase. The participants were instructed to study the words for a later memory test in which they were to decide whether the test word was presented in the study list (old-new response).
During the experimental blocks, each study list had 50 items (half LFW and half HFW) with an additional two buffer items (one buffer item at either end of the study list). At test, the 50 study items and twenty-five lures were presented. The blocks were presented in a random sequence and words were randomly ordered within blocks and balanced for orthographic/syllable length and imageability. During the study phase words appeared at a constant presentation rate of one every 2000 ms (1400 ms word presentation and 600 ms fixation on a central point measuring 0.8 cm). During the test phase participants were instructed to fixate on a central point for 600 ms, which was replaced by the test word for 200 ms. The word was then replaced by a fixation cross for 1500 ms, followed by an old-new response prompt. The next trial began once the participant had made their response.
EEG/ERP Acquisition
The electrical brain activity (electroencephalogram, EEG) was continuously recorded from 58 Ag/AgCl scalp electrodes mounted on an easy cap during the test phase. Electrode i peda es ere kept elo kΩ. Bipolar ele troo ulogra EOG re ordi gs ere ade using electrodes placed below and above the dominant eye (vertical EOG), and electrodes placed lateral to each eye (horizontal EOG). Signals from all electrodes were amplified with a bandpass from DC to 100 Hz, digitized at a 1024 Hz sampling rate and online referenced to the left earlobe. The right earlobe was actively recorded as an additional reference channel.
The data were processed using EEProbe 4, a Linux ERP evaluation package (Nowagk & Pfeifer, 1996) . To remain consistent with the majority of research to date (Düzel, Yonelinas, Mangun, Heinze & Tulving, 1997) , the reference was changed offline to the average of the left and right earlobe recordings. Continuous EEG traces were band-pass filtered between 0.3-30 Hz. Prior to averaging EEG data associated with correct responses (hits and correct rejections) were examined for EOG and other artifacts using an automatic rejection procedure. EEG segments of 1900 ms durations (starting 200ms pre-word onset and lasting 1700 ms postword onset) were rejected whenever the standard deviation in a 200 ms sliding time-interval exceeded 40 µV in EOG channels or 20 µV in any scalp electrode. Eye blinks were then corrected by subtracting from each electrode the PCA-transformed EOG components, weighted according to VEOG propagation factors (computed via linear regression).
To compute the ERPs, only artifact-free trials to old and new words associated with correct answers were used. Epochs of continuous EEG, including a 200 ms pre-stimulus and 1700 ms post-stimulus period, were averaged from each subject separately 1) for old and new words and 2) for old and new items separately for low and high frequency words. ERP difference waves were also computed to visualise the magnitude and topographical distribution of old-new effects in ASD and TD participants: 1) for all words (i.e., old minus new words) and 2) for high and low frequency words (i.e., old high minus new HFW, old low minus new LFW).
Data analysis
For the behavioural data, the proportion of hits (i.e, correct old responses to studied words) and false alarms (i.e., incorrect old responses to unstudied word) for each ASD and TD participant were calculated for all words and separately for low and high frequency words. Accuracy scores were corrected for guessing by subtracting the proportion of false alarms from the proportion of hits.
For the electrophysiological results, mean ERP amplitude measures were computed at each scalp electrode using three time-windows: 300-500 ms, 500-800 ms, and 800-1500 ms, encompassing the latency period of the mid-frontal old-new effect, the parietal old-new effect, and the late frontal old-new effect. These measurements were performed on the ERP averages for old and new words, both collapsed and separately for low and high frequency words.
A series of ANOVAs were conducted. To reduce Type 1 error as result of multiple comparisons, electrodes were clustered into five bilateral and three midline scalp regions of interest; left and right Fronto-Temporal (AF7/F7/F5/FT7/FC5, and AF8/F8/F6/FT8/FC6), left and right Frontal (AF3/F1/F3/FC1/FC3, and AF4/F2/F4/FC2/FC4), left and right Temporal (T7/C5/C3/TP7/CP5, and T8/C6/C4/TP8/CP6), left and right parietal (CP1/CP3/P3/P1, and CP4/CP2/P2/P4), left and right Occipito-Temporal (P7/P5/PO7/PO3, and P8/P6/PO8/PO4), and midline Frontal (Fpz/Fz/FCz), Central (C1/Cz/C2/CPz), and Parieto-Occipital regions (Pz/POz/O1/O2/Oz).
The magnitude and scalp distribution of Old-New ERP effects between groups were assessed with the ERP amplitudes. To ensure that topographic comparisons of ERPs were not confounded by differences in the magnitude of the Old-New effect, significant interactions involving Region by experimental, and/or by group factors were further investigated after vector-length normalization of the ERP amplitude measurements (McCarthy & Wood, 1985) .
Results
Behavioural results
The raw data and corrected scores for the ASD and TD groups are presented in Table  2 . The behavioural data were analysed using a 2 word Frequency (High/Low) x 2 Group mixed Repeated Measures ANOVA. There was no significant difference in the corrected recognition scores (F (1, 34) = 0.47, p = n.s., mean recognition in the TD group was 0.56 and ASD group was 0.61). There was a main effect of word Frequency (F (1, 34) = 45.58, p<.01) where recognition was greater for LFW (M = 0.66) compared to HFW (M = 0.51). There was no word Frequency x Group interaction (F (1, 34) = 0.10, p = n.s.) demonstrating that both groups recognised more low frequency than high frequency words). Both groups recognised a similar proportion of false alarms (F (1, 34) = 0.004, p = n.s.), and both groups also made more false alarm judgements to HFW (M = 0.15, SD = 0.14) than LFW (M = 0.10, SD = 0.10), (F (1, 34) = 14.05, p<.01).
INSERT TABLE 2 HERE
ERP results
The analyses of the electrophysiological data were conducted primarily to investigate potential differential old-new effects between ASD and TD groups. At this stage of analyses, trials corresponding to low and high frequency words were collapsed. The mean number of artifact-free trials with correct answers included for the ERP averaging of old and new words for ASD and TD groups, was 171.3 (S.D. = 49.7) and 156.8 (S.D. = 39.3) for old words, and 99.9 (S.D. = 29.6) and 102.8 (S.D. = 17.2) for new words respectively. The number of trials did not differ between the two groups (independent samples t-test (34) < .94; p > .3). Secondly, we examined old-new ERP effects with respect to word frequency. The ERP averages for these analyses also included equivalent number of trials for ASD and TD groups (independent samples t-test ( 
Old/new ERP effects
INSERT FIGURE 1 HERE
The ERP waveforms to old and new words are shown at nine electrode locations in Figure 1 , separately for the ASD and TD groups. For both groups, there were consistent ERP amplitude differences between old and new words, with old words eliciting greater positive ERP voltages than new words, known as old-new ERP effect. Figure 2 displays a 2D scalp distribution of the old-new ERP differences in the 300-500 ms, 500-800 ms and 800-1500 ms for TD and ASD groups. These old-new effects appear remarkably similar to other published studies (Rugg & Doyle, 1992; Rugg et al., 1995; Rugg & Curran, 2007) .
INSERT FIGURE 2 HERE Old-New ERP effects for low and high frequency words INSERT FIGURE 3 HERE As can be seen in Figure 3 , old-new ERP effects appear to be larger for low than for high frequency words (consistent with previous studies that have manipulated word frequency, Rugg and Doyle, 1992; Rugg, Cox, Doyle & Wells, 1995; Russler, Probst, Johannes & Munte, 2003) . ANOVAs with Old-New, word Frequency, Region and Laterality as withinsubjects factors and Group as a between-subjects factor yielded significant main effects of Old-New and of word Frequency in the 300-500 ms (mid-frontal old-new), 500-800 ms (parietal old-new), and 800-1500 ms (late frontal old-new) time-windows, for both lateral (F (1,34) > 4.71, p < .04) and midline regions (F (1,34) > 5.45, p < .03). These simple effects however did not interact with Group (F (1,34) < 1.47, p > .2). Moreover, the topographical distributions of these effects varied as a function of word frequency and group (cf. Figure 3) . As there were no group differences, the primary analyses were restricted to data collapsed across high and low word frequency.
The old-new ERP effects in TD participants were characterized by three spatially and temporally different ERP effects (cf. Figure 2) , consistent with the old-new ERP effects reported in previous studies (e.g., Curran, 2000; Duzel et al., 1997) : a mid-frontally distributed old-new ERP effect in the 300-500 ms time-window, a parietal old-new ERP effect in the 500-800 ms time-window (parietal old-new), followed by a long-lasting right-frontal old-new ERP effect in the 800-1500 ms time window (late frontal old-new). The old-new ERP effects, albeit present in ASD participants displayed striking topographical differences (cf. Figure 2 ). More specifically, old-new effect in the ASD group had a left parietal distribution during the timerange of the mid-frontal old-new effect (300-500 ms). Furthermore, while the old-new effect between 500 and 800 ms was parietal in ASD participants, similar to TD participants, the late frontal old-new effect between 800-1500 ms was markedly reduced in the ASD group. These effects were statistically assessed using ANOVAs with Group (2 levels; TD, ASD) as a betweensubjects factor and Old-New (2 levels; Old, New), Region (and laterality for measures computed on the 5 lateral regions) as within-subjects factors, performed separately in the 300-500 ms (mid-frontal old-new), 500-800 ms (parietal old-new), and 800-1500 ms (late frontal old-new) time-windows.
ANOVA results yielded significant Old-New effects in the three time-windows, for lateral (F(1,34) > 10.68, p < .002) and midline regions (F(1,34) > 5.77, p < .025).
In the mid-frontal old-new time-window, the ANOVA yielded a significant Old-New by Region by Group interaction(F(4,31) > 3.21, p < .03), this interaction remained significant after z-scaling the data (F(4,31) > 2.94, p < .04), which indicated that the old-new ERP effect in the 300-500 ms time-window had the typical frontal distribution in the TD group but had a parietal distribution in the ASD group (cf. Figure 2) . In the 500-800 ms time-window, the oldnew ERP effect was maximal over centro-parietal regions in both groups. Between 800 and 1500 ms, there was a long lasting positivity, which was larger in response to old than to new words over right frontal scalp regions (Old-New X Region X Laterality, F(4,31) > 6.22, p < .005). This interaction remained significant after z-scaling the data (F(4,31) > 5.18, p < .003). Although this interaction did not involve the factor Group, Figure 2 clearly shows that this late frontal effect was only present in the TD group. Post-hoc old-new comparisons with Bonferroni corrections, computed for only the right frontal scalp region, shows a significant Old-New effect for TD (t(13)= 2.91, p = .024, ) and not for ASD (t(21) = 1.8, p = .16).
Misses
To enable comparisons for missed (studied but not recognised) words, the ERPs were compared to those for Old and New words (HFW and LFW collapsed) in each group. The data are presented in Figure 4 . Number of miss ERP trials in the TD group: M = 71, SD = 28; ASD group: M = 79, SD = 40.
INSERT FIGURE 4 HERE
The ERPs for missed studied words were more negative than for New words in both groups, and there were no striking group differences in the ERPs.
Discussion
The aim of the present study was to test the hypothesis that despite comparable behavioural performance on recognition memory tests by individuals with ASD, the need for task support on memory tests might be reflected in atypical underlying neural activity at retrieval. Specifically, we investigated whether or not comparable recognition memory performance in ASD was associated with the same ERP old-new effects observed in typical individuals, that is, (1) an early mid-frontal old-new effect (300-500 ms), (2) a parietal, positive ERP effect (400-800 ms) and, (3) a sustained positive ERP potential over right frontal scalp sites. When participants were required to make old-new judgments of high and low frequency words in a recognition memory task, we replicated previous studies (Bowler et al., 2000; Bowler et al., 2007) by finding no behavioural difference between ASD and TD groups in the proportion of words correctly recognised. In addition, we found that both participant groups showed the well-established recognition memory advantage for low frequency words (Glanzer & Bowles, 1976; Guttentag & Carroll, 1994) .
The undiminished behavioural performance of the ASD group was accompanied by group differences in ERP activity. Topographical differences in the Old-New effect were observed between groups from 300-500ms, where TD individuals, in addition to showing larger old-new effects for low frequency versus high frequency words (Rugg and Doyle, 1992; Rugg et al., 1995) , showed an anterior onset (300-500ms) whereas the focus was at left posterior and parietal regions for individuals with ASD. In addition, the Old-New effect was attenuated at right frontal regions from 800-1500ms in the ASD group. We also observed a parietal focus of activity from 300-800ms in the ASD group, which contrasts with joint frontal and parietal activity for TD individuals 1 .
These results show that even during supported recognition memory test conditions (according to the TSH, Bowler et al., 1997; , individuals with ASD show neural activity that is different from that of TD individuals. Recognition memory of individuals with ASD stems from enhanced involvement of the semantic i de ed K o respo ses i a recognition memory test, see Tulving, 1985) and diminished involvement of the episodic memory systems i de ed 'e e er respo ses (Bowler, Gardiner & Grice, 2000; Bowler, Gardiner & Gaigg, 2007) . These studies drew on the distinction made by Tulving (2002) , between episodic and semantic memory systems, which to some extent mirrors a distinction made by Mandler (2008) , who argues for the memory processes of familiarity and recollection (see Gardiner, 2008 for further discussion). According to Tulving, semantic e or allo s the o s ious e perie e of k o i g i the a se e of re olle ti g spe ifi contextual details about the study episode. Episodic memory on the other hand, is concerned with the storage of contextually rich, personally experienced and unique events and allows re e eri g . Although ERP-related studies of memory have used both the semantic/episodic and the familiarity/recollection distinctions, here, we discuss our findings in terms of the episodic/semantic distinction, simply because the majority of studies of memory in ASD have used this framework. In TD individuals, the earlier on-setting midfrontal Old-New effect is reliably found to accompany K o judge e ts i 'e e er-Know tasks (Rugg & Curran 2007; Curran, 2000; Mecklinger, 2000) and the parietal old-new from 400-800ms (Voss & Paller 2008; Friedman & Johnson 2000; Paller & Kutas 1992 ) as well as late-onsetting right frontal positivity (Wilding & Rugg, 1996; Wolk, et al., 2009 ) have been reliably associated with episodi 'e e er respo ses.
The topographical differences observed in the present study for ASD individuals in these time windows suggest that both the semantic and episodic memory systems engage partially different neural generators in ASD compared to those engaged by individuals with typical development. More specifically, the early mid-frontal Old-New effect observed for the TD group was absent for ASD individuals, who instead showed only a parietal focus, which provides evidence to suggest that semantic judgements may not be performed typically in ASD. Whereas parietal activity was observed for the ASD group from 400-800ms, activity for the TD group in this time period was more widespread, including anterior positivity. The fact that individuals with ASD show reduced Remember responses in behavioural tests (Bowler et al, 2000 (Bowler et al, , 2007 is also consistent with the attenuation of the old-new effect at right frontal regions reported here.
The pattern of between-group ERP differences just described suggests that rather than recognition being supported by early Old-New effects associated with knowing in TD, recognition in ASD seems to be exclusively associated with later parietal Old-New effects linked with remembering in TD. This finding of undiminished later parietal effects in ASD is paradoxical, given the behavioural evidence of diminished episodic and typical semantic responses (Bowler et al., 2000a (Bowler et al., , b, 2007 . It implies that the neurophysiological correlates of semantic memory rather than episodic memory are compromised in ASD and is precisely the opposite of what has been concluded on the basis of behavioural evidence.
Conclusions
These findings show that comparable behavioural recognition in ASD is underpinned by qualitatively and quantitatively different patterns of neural activity, suggesting that recognition memory in this population may be driven by the operation of a single system rather than two systems as in typically developed individuals. Because the task used here was a supported one, the findings represent a conservative estimate of the memory-related neural differences in ASD. We can speculate that less supported test procedures, such as free recall or semantic cued recall, might reveal additional group differences in the ERPs for individuals with ASD. We plan to carry out further studies directly investigating the ERP correlates of episodic and semantic memory and direct manipulations of context effects in ASD and comparison participants. 
